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1 Introduction  
Carbon capture and storage is one of the possible actions 
to reduce CO2 concentration in the atmosphere and to 
contain the increase in the average temperature of the 
planet within two degrees centigrade, as required by the 
Paris climate agreements. Leakage may occur if the 
difference between the pressure of the injected CO2 and 
the one of the brine saturating the caprock exceeds the 
threshold capillary pressure. Therefore, threshold 
pressure is a key parameter of the caprock sealing 
capacity. In the laboratory, a direct determination of the 
threshold pressure is obtained by forcing the non-wetting 
fluid into the brine saturated sample. The water pressure 
is maintained constant at the sample outlet, whereas the 
pressure of the non-wetting fluid is increased through 
steps at the inlet. A two-phase flow establishes once the 
imposed overpressure is higher than the threshold 
pressure. If the pressure steps are adequately small, an 
accurate evaluation of the threshold pressure is obtained 
however, because of the low permeability of the caprocks, 
this method is extremely time consuming. Several direct 
methods have been proposed in the last 20 years for faster 
characterization (Wu et al., 2020), among them the 
dynamic threshold pressure method. A numerical study 
was carried out with the FEM code COMSOL 
Multiphysics®, with the purpose of supporting the 
interpretation of the experimental results of one of them. 

2 Dynamic Threshold Pressure Method 

In the dynamic threshold pressure method, the non-
wetting fluid is injected into the water saturated sample 
with a constant pressure that is higher than the threshold 
p*

c value (Egermann et al., 2006). Before the experiment, 
water is also filled in the inlet tubing and gas is then 
charged to push the water into the sample, so determining 
the sample intrinsic permeability kint. Water flow rate is 
recorded in the downstream side. As soon as CO2 gets to 
the inlet face of the sample, a significant decrease of the 
water flow rate is recorded due to the capillary pressure 
jump at the non-wetting phase front. This jump is due to 

the start of two-phase flow. According to the method the 
pressure drop in the water-saturated region is: 
(1) ( )/eff

w w w intp LQ k AΔ μ=  
where Qeff

w is downstream brine flow rate, μw is the 
viscosity of water, L is the sample length, A is the sample 
cross-sectional. The estimated threshold capillary is then 
p°

c , evaluated as: 
(2) c t wp p pΔ Δ° = −  
where Δpt is the constant overall pressure drop, above p*

c, 
across the sample. 
 
Numerical model 
To simulate the dynamic method, the mass balance 
equations of water and CO2 (non-wetting phase) were 
considered: 
(3)
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where kr is the relative permeability (a function of the 
saturation for a given fluid, in this model expressed 
according to van Genuchten, 1980), ρ is the fluid density. 
Cp,w is the specific capacity of the wetting phase, which 
depends on changes in the effective saturation Se,w (in this 
model expressed according to van Genuchten, 1980) with 
respect to the capillary pressure as: 

( ), , /p w e w cC S pφ= − ∂ ∂  where ϕ is the porosity of the 
porous medium, pc is the capillary pressure (pc = pnw – pw). 
Boundary conditions have been chosen to reproduce 
laboratory tests. Regarding the wetting fluid, the inlet 
boundary was set to be impervious, while a constant 
backpressure was imposed at the outlet. As for the non-
wetting fluid, a constant pressure higher than the 
threshold pressure was set at the inlet boundary, while a 
no-flow conditions was imposed at the outlet. The 
expected response of an 80 mm high cylindrical specimen 
of clay shale was simulated. To observe the effect that the 
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value of the applied non-wetting pressure has on the 
results and on the p°

c determination, a parametric study 
was carried out. 
 
Table 1. Material parameters 

kint 
(m2) 

μw 

(Pa∙s) 
μCO2 

(Pa∙s) 
p*c 

(MPa) 

van Genuchten 
parameters for water 

retention curve
α  

(MPa-1) n m 

5·10-20 0.001 1.465 25 0.006 1.3 1.8
 
Figure 1 plots the numerical brine production curves for 
three different injection pressures. Accordingly with 
Egermann et al. (2006), a slope break is obtained in all 
cases when the CO2 reaches the inlet of the specimen (10 
hours from the start of these simulations) and it is more 
pronounced when the injection pressure is close to the 
threshold pressure. Figure 2 shows the threshold pressure 
determined for each instant of time by means of eq. (2). 
The results suggest a certain overestimation of the 
thresold pressure, which increases with determination 
time and applied CO2 pressure. Figure 3 shows the 
predicted evolution of the maximum pressure (among the 
non-wetting and the wetting fluid) at different locations 
along the specimen. As the non wetting fluid approaches, 
and flows beyond the selected point, the pressure builds 
up. This  pressure increase occurs along a time span which 
depends on the position along the specimen. Its value is 
relatively close to p*

c near the inlet and decreases along 
the specimen. 
 

 
Fig. 1. Water outgoing volume vs. time for different injection 
pressures 
 

 
Fig. 2. Threshold pressure vs. determination time and injection 
pressures 
 

 
Fig. 3.  Pressure evolution over time in different positions 

References 
1. Egermann, P., Lombard, J.M., Bretonnier, P. (2006). 

“A fast and accurate method to measure threshold 
capillary pressure of caprocks under representative 
conditions.” Int. Symp. of the society of core 
analysts, Norway 12-16 September 

2. van Genuchten, M. T. T. (1980). “A closed-form 
equation for predicting the hydraulic conductivity of 
unsaturated Soils.” Soil Sci. Soc. Am. J., 44, 892–
898. 

3. Wu, T., Pan, Z., Connell, L.D., Liu, B., Fu, X., Xue, 
Z. (2020). “Gas threshold pressure of tight rocks: A 
review of experimental methods and data.” J. of 
Natural Gas Science and Eng., 81, 103408 

E3S Web of Conferences 205, 13016 (2020)
ICEGT 2020

https://doi.org/10.1051/e3sconf/202020513016

2



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


